Abstract. The Arabidopsis gene AINTEGUMENTA (At-ANT) functions in cell proliferation and organ growth. The ANT protein has two copies of the AP2 domains, R1 and R2. Recently, a partial cDNA sequence of the At-ANT homolog in Antirrhinum majus (Am-ANT) was reported (Delgado-Benarroch et al., 2009 ). Here, we used virus-induced gene silencing (VIGS) to analyze the function of the reported Am-ANT. We then determined the open reading frame (ORF) of Am-ANT and its predicted amino acid sequence. We induced VIGS using the Cucumber mosaic virus vector (CMV-A1) that contained partial sequence of Am-ANT (A1:ANT) and suppressed the level of Am-ANT mRNA and noted for any phenotypic changes. The function of Am-ANT was very similar to that of At-ANT. The A1:ANT-infected Antirrhinum plants had smaller floral organs and leaves, even though cell sizes were unchanged in flowers and larger in leaves. The CMV-based VIGS showed that the isolated Am-ANT gene was indeed functional in cell proliferation and organ growth as observed for At-ANT. In conclusion, we found that the CMV vector had the advantage of systemically infecting A. majus without severe symptoms for functional analysis of A. majus genes.
Research Report
The AINTEGUMENTA (ANT) protein is involved in cell proliferation in the primordium. The Arabidopsis ANT (At-ANT) protein contains two copies of the AP2 domain (R1 and R2), which is characteristic for floral homeotic genes and transcription factors; it acts as a transcriptional activator, binding to a unique DNA consensus sequence (Krizek, 2003; Nole-Wilson and Krizek, 2000) .
The At-ANT gene functions during several stages of reproductive organ development in floral meristems and regulates growth and development in ovules, petals and gynoecia (Elliott et al., 1996; Horiguchi et al., 2006; Mizukami and Fischer, 2000) . Inactivation and overexpression of this transcription factor reduces and increases the total cell number in lateral organs, respectively, without changing proliferation rates (Mizukami and Fisher, 2000) . The loss of function of At-ANT results in fewer cells, smaller floral organs and smaller leaf sizes. Conversely, plants of Arabidopsis that gain At-ANT functions develops enlarged embryonic tissues and shoot organs without increasing the number of cells. In tobacco, the ANT ortholog, an ANT-like sequence from Nicotiana tabacum (NtANTL), has high similarity to At-ANT (Rieu et al., 2005) .
In recent studies, partial cDNA of a putative ANT-like ortholog with the AP2 domains in Antirrhinum majus was cloned using a yeast one-hybrid approach; the open reading frame (ORF) of ANT (Am-ANT) of A. majus was not been determined (Delgado-Benarroch et al., 2009 ). The reported sequence for Am-ANT is similar to the NtANTL and At-ANT genes. In situ hybridization in A. majus to analyze the expression of Am-ANT revealed that Am-ANT was expressed in floral meristems and in early floral organ primordia (Delgado-Benarroch et al., 2009) . As floral organs matured, the expression of Am-ANT decreased in sepals at an early stage and in stamens at a late stage. In petals, Am-ANT expression was restricted to the epidermis, particularly in the furrow areas, which rapidly expand to form the palate and lips. In the gynoecium, Am-ANT expression was concentrated in the developing ovules. The timing and location of Am-ANT expression pattern in floral organs was almost the same as that of At-ANT. However, we do not know whether the function of Am-ANT is actually equivalent to that of At-ANT.
A. majus has served as a classic model organism for studies of inheritance and mutation in flowering plants (Darwin, 1868) and of floral organ development (Hudson et al., 2008) . In Arabidopsis, there are various mutant lines to study the genes involved in flower and leaf development and in pigmentation by transposon tagging, but mutant tag lines for A. majus have not been established yet. For this reason, we believe that virus-induced gene silencing (VIGS) is a powerful tool for the functional analysis of genes in Antirrhinum plants. VIGS has many advantages over the other methods, because it is rapid and does not require plant transformation (Burch-Smith et al., 2004) . A different virus vector is required for each target plant species to induce VIGS efficiently, but a suitable viral vector for A. majus has not yet been found (Shang et al., 2007) .
In this study, we determined the ORF of Am-ANT and investigated the function of ANT in A. majus through knockdown experiments of Am-ANT using the Cucumber mosaic virus (CMV)-based VIGS. Because CMV has a wide host range and can infect A. majus without causing severe symptoms, the CMV vector can be used in a wide range of plants. The CMV vector, A1 can efficiently induce sequencespecific silencing targeted to endogenous genes (Nagamatsu et al., 2007; Otagaki et al., 2006) . A short Am-ANT sequence was cloned into the A1 vector, to create A1:ANT. In this report, we successfully demonstrated that the Am-ANT regulated petal organ sizes. We concluded that Am-ANT was indeed functionally equivalent to At-ANT. Therefore, the CMV-based VIGS is a powerful tool for functional analysis of A. majus genes.
Twenty-day-old plants of Antirrhinum majus 'Floral shower hukusha' were used in these experiments (Sakata Seed Co.). Seeds were directly sown in peat pellets and grown in a greenhouse at 25 with a 16-h photoperiod.
To isolate the full-length Am-ANT cDNA, we ran 5' and 3' RACE reactions on poly(A)+ RNA of A. majus using the 5'/3' RACE Kit, 2 nd Generation (Roche, Basel, Switzerland). For the 3' RACE experiment, the following primer pairs were used: AP1/5'-AACATTGGTCGACGAATCTTC-3' and AP2/5'-TTGGTCACGAGTTTGAGCAG-3'). For the 5' RACE experiment, the following primer pairs were used: AP1/5'-TGAGCTTCATACCTACCTGTCCAACGA-3' and AP2/5'-CTCCATTTTCAACCATGCATGTGGTT-3'). The resulting PCR products were cloned and sequenced in both directions.
The 180-bp sequence of Am-ANT was amplified by PCR using primer pair AM-ANT-Stu (5'-CGAGGCCTGATCC ATGTTGTGGTGTGGTACA-3')/AM-ANT-Mlu, (5'-CGCA CGCGTGGTGCATAATTCTTCTCCCAA-3'). The first six nucleotides of the forward primers contain a Stu1 site, and those of the reverse primers contain an Mlu1 site, which were used in the subsequent plasmid construction. After inserting the PCR products into the pGEM-T Easy Vector (Promega, Madison, WI, USA), the Stu1-Mlu1 PCR fragment was inserted at the Stu1 and Mlu1 sites of the AMV-A1 vector (Otagaki et al., 2006) . Using these procedures, the fragments of the Am-ANT genes were inserted into the vector in the antisense direction.
The plasmid pCY1, which contains the full-length cDNA of RNA1 of CMV-Y (Suzuki et al., 1991) , and the CMV-A1 vector were linearized with Not1, and plasmid pCY3, which contains the full-length cDNA of RNA3 of CMV-Y, was linearized with EcoR1 prior to in vitro transcription. The in vitro transcription reaction was performed as described by Nagamatsu et al. (2007) .
Three or four fully expanded leaves of the 4-week-old plants were rub-inoculated using carborundum with the sap inocula (in 0.1 M phosphate buffer) from the Nicotiana benthaminana leaves infected with virus (Otagaki et al., 2006) . To localize the distribution of the virus in the infected flower organs or leaves, tissue print blots were prepared, and the virus was detected with anti-CMV antibodies as described by Kim et al. (2008) .
Total RNA was isolated using Trizol reagent (Invitrogen, Tokyo) as described previously (Kim et al., 2008) . For real-time PCR, 1 µg of the total RNA was used as the template for cDNA synthesis. First strand cDNA was synthesized with a Takara RNA PCR Kit (Takara, Ohtsu, Japan) with oligo (dT) primer. The cDNA was synthesized at 42 for 1 h, 99 for 5 min, then 4 . Real-time RT-PCR was carried out using a 1-µL aliquot of the reaction mixture and SYBR green mixture (Takara) with a DNA Engine Opticon 2 System (MJ Research, Waltham, MA, USA). The PCR cycle was 94 for 30 s, 55 for 30 s, 72 for 1 min, and Error bars are standard errors obtained from three replicates. The differences of mRNA expression of Am-ANT between the means of leaf and flower tissues were evaluated by t test; * and ** indicate significance at 5% and 1% level, respectively. 78 for 2 s. This cycle was repeated 40 times. Fluorescence was quantified before and after the incubation at 78 to monitor for the formation of primer-dimers. The primer pairs were AM-ANT5-1 (5'-GTACCACACCACAAACATG GAACAGC-3') and AM-ANT3-2 (5'-CTCCATTTTCAAC CATGCATGTGGTT-3') plus AM-tub5 (5'-AGCGGATCA ATGTGTATTTC-3') and AM-tub3 (5'-TTCCGTATAGTG ACCTTTCG-3').
Low-molecular-weight RNA was isolated and Am-ANT siRNA was detected as described by Goto et al. (2003) . An Am-ANT gene-specific antisense RNA probe was prepared using the DIG RNA Labeling Mix (Roche, Basel, Switzerland).
To clone the AINTEGUMENTA-like gene (Am-ANT) in Antirrhinum majus, we first conducted rapid amplification of the cDNA ends (3'RACE and 5'RACE) to complete the ORF beyond the partial cDNA sequence for Am-ANT reported by Delgado-Benarroch et al. (2009) . The fulllength cDNA of Am-ANT is 2,148 bp long, of which 1,581 bp encode a protein of 526 amino acids; the coding sequence is 29 % and 52 % identical at the nucleotide level to the At-ANT and the NtANTL, respectively (Fig. 1A ).
An amino acid alignment of the related proteins from Arabidopsis and tobacco showed high sequence conservation between the two AP2 domains (R1 and R2), which are the characteristics of ANT proteins. The overall identity of the predicted amino acid sequence was 47 % for Arabidopsis (At-ANT), and 63 % for tobacco (NtANTL).
The At-ANT gene is expressed in various organs such as the leaf, shoot and flower (Klucher et al., 1996) . Am-ANT, however, has so far been shown to be expressed in the flower; whether Am-ANT mRNA is also presence in the leaf has been unclear. We, therefore, first performed quantitative reverse transcription polymerase chain reaction (RT-PCR) and confirmed that Am-ANT was expressed in both the flower and leaf (Fig. 1C) , suggesting that Am-ANT may have the same function as At-ANT. To further demonstrate that Am-ANT has a function similar to that of At-ANT, which regulates growth and development of the flower and leaf, we analyzed the phenotype of the plants in which Am-ANT mRNA was repressed by VIGS. For VIGS to target Am-ANT, the CMV-A1 vector (A1) was used (Otagaki et al., 2006) . The 180-bp sequence of the Am-ANT cDNA was cloned into the A1 vector in the antisense orientation (A1:ANT, Fig. 1B ). The resulting A1:ANT virus was used to inoculate the 4-week-old Antirrhinum plants. Ten days after inoculation, a weak mosaic symptom was observed in Antirrhinum leaves (Fig. 2) . Viral infection was confirmed with an enzyme-linked immunosorbent assay (ELISA). Tissue-printing using CMV-specific antibodies showed that A1:ANT was distributed throughout the tissues of flower and leaf in A. majus (Fig. 3) . The differences of means between A1 and A1:ANT were evaluated by t test; * and ** indicate significance at 5% and 1% level, respectively. The size of the flowers and leaves of the plants inoculated with A1 (empty vector) and those inoculated with buffer (mock) did not clearly differ, indicating that inoculation with A1 does not influence the size of the flowers or leaves (Table 1) . On the other hand, flower and leaf sizes on the Antirrhinum plants infected with A1:ANT were clearly reduced relative to the mock-and A1-inoculated plants (Figs. 4A-F and 5A-C). The length and width of the dorsal petals were smaller than those of the mock-or A1-inoculated plants. The lengths of the dorsal petals, stamens and gynoecia were visibly reduced by 21.5%, 12.9%, and 6.7%, respectively, compared with the A1-inoculated Antirrhinum plants.
The leaf length was also reduced by 22.7% compared to the control, although the leaf width was not changed (Fig. 5B-C and Table 1 ). In A. thaliana, knock-out of ANT resulted in a decrease in organ size through the reduction of the cell number, despite an increase in cell size in the leaf and flower. The flower organ sizes of the plants infected with A1:ANT were smaller than those of the mock-or the A1-inoculated plants. When the cell sizes in flowers and leaves of the plants inoculated with A1:ANT were analyzed, the size of the conical cells in A1:ANT-inoculated plants were similar to those of mock-or empty-vector-inoculated plants. In contrast to epidermal cells of the flower, those of the leaf were larger than those of the control plants although the cell shapes did not change .
To confirm that the observed phenotypes were actually due to the VIGS of the Am-ANT gene, we analyzed the level of the Am-ANT mRNA by real-time RT-PCR (Fig. 6A) .
The mRNA levels decreased in A1:ANT-infected plants; in the flower, the levels were reduced by 77 % of the levels in the controls. The level in the leaves decreased by 21 %.
Because the production of short interfering RNA (siRNA) is a hallmark for RNA silencing (Hamilton and Baulcombe, 1999) , we used a gel blot analysis to detect siRNAs to the Am-ANT genes (Fig. 6B ). In the Antirrhinum plants inoculated with A1:ANT, siRNAs corresponding to the sequence of the Am-ANT genes were detected. These results suggested that the decrease in the flower or leaf size was indeed induced by VIGS of the Am-ANT genes.
In this study, we conducted a functional analysis of Am-ANT using CMV-based VIGS. A previous study showed that Am-ANT is strongly expressed in the early floral organ primordia and preferentially expressed in the ovules during late flower development (Delgado-Benaroch et al., 2009 ). In the present study, the Am-ANT transcripts were detected not only in the flower but also in leaves, suggesting that Am-ANT can function in both tissues. A1:ANT-inoculated plants had smaller flowers and leaves. The dorsal petal was smaller, and the stamens and the gynoecium were shorter. Although Delgado-Benaroch et al. (2009) showed strong expression of Am-ANT in the ovules, the size of the gynoecium did not change in A1:ANT-inoculated plants. In Arabidopsis, At-ANT knock-out mutants had abnormal morphology of the flower and nonfunctional gynoecium (Elliott et al., 1996) , suggesting that much stronger suppression of Am-ANT may be needed to induce drastic changes in size and morphology in gynoecium. Here, we show that knock-down of Am-ANT resulted in smaller floral organs and leaves and thus the CMV vector has the ability to specifically knock-down A. majus genes.
What contributes to the reduced size of the plant organs after the knock-down of Am-ANT? Plant organ size is generally influenced by cell size and cell number (Mizukami, 2001; Mizukami and Fisher, 2000) . Using light microscopy, we investigated whether a reduction in cell size or number contributed more to the size reduction. In plants infected with A1:ANT, the cell size of the dorsal petals was unchanged, but increased in leaves relative to the mock-and the vector-inoculated plants. This observation is essentially consistent with the previous report by Mizukami and Fisher (2000) although they also found that cell size increased in floral organs. Other than ANT, some other factor(s) must determine the cell size in A. majus. If there is such a factor, the knock-down of Am-ANT may not necessarily result in cell enlargement in petal. At-ANT therefore can control plant organ size and cell number by regulating gene expression for cell proliferation in developing organ primordia (Elliott et al., 1996; Klucher et al., 1996; Krizek, 1999; Mizukami and Fischer, 2000) . This is supported by the observation that the knock-out mutant of At-ANT developed smaller lateral organs, and that leaves and floral organ had fewer cells than wild type (Baker et al., 1997; Elloitt et al., 1996; Klucher et al., 1996; Schneitz et al., 1997) . Considering these results, we also conclude that Am-ANT has the same function as At-ANT in affecting cell number and plant organ size.
In A. majus, the knock-down of genes for functional analysis has been demonstrated by agroinfiltration (Shang et al., 2007) . However, Agrobacterium infection in it would cause severe damages to A. majus plants growth. Because VIGS is an easy way to specifically knock-down genes, several viral vectors have been used in this manner in many plant species. But a suitable virus vector for VIGS had not been developed for Antirrhinum (Shang et al., 2007) until recently, when a Tobacco rattle virus (TRV)-based vector was developed to analyze the gene function in A. majus (Preston and Hileman, 2010) . However, the infectious pTRV clone must be integrated into A. majus to establish TRV infection, and the transformation efficiency is not very high (Preston and Hileman, 2010) .
On the other hand, CMV-A1 can infect A. majus by simple mechanical inoculation. In addition, CMV-A1 caused only mild mosaic on the infected A. majus. Silencing of Am-ANT in this study clearly reduced floral organ size and cell numbers without causing severe symptoms. We therefore conclude that VIGS using the CMV-A1 vector is an efficient tool for the functional analysis of endogenous genes in A. majus.
